Background: DJ-1 is a ras-cooperating oncogene and activates the ERK pathway. Results: DJ-1 directly binds to the kinase domain of c-Raf to stimulate its self-phosphorylation, followed by phosphorylation of MEK and ERK1/2 in EGF-treated cells. Conclusion: DJ-1 activates the ERK pathway by directly binding to c-Raf but not to Ras. Significance: DJ-1 is a positive regulator for the EGF/Ras/ERK pathway.
MEK phosphorylates/activates ERK1/2. Activated ERK1/2 is finally translocated from the cytoplasm to nucleus, in which ERK1/2 phosphorylates cell growth-related transcription factors, resulting in cell growth.
In this study, we found that DJ-1 directly binds to the kinase domain of c-Raf, but not to Ras, to stimulate phosphorylation activity of c-Raf at Ser-338 and that the C106S mutant DJ-1 activates c-Raf less than does wild-type DJ-1 in EGF-treated cells. DJ-1 knockdown and DJ-1 knock-out attenuated activation of c-Raf and its downstream MEK and ERK1/2 in cultured cells, and reintroduction of wild-type DJ-1, but not C106S DJ-1, into DJ-1 knock-out cells restored activation of the ERK pathway. These findings are the first findings showing the mechanism of activation of the ERK pathway by DJ-1.
Experimental Procedures
Cells-Establishment of cell lines from wild-type and DJ-1 knock-out mice, DJ-1 ϩ/ϩ , and DJ-1 Ϫ/Ϫ cells, respectively, and of DJ-1 knockdown NIH3T3 cells by shRNA targeting DJ-1, D2 cells, was described previously (24, 25) . DJ-1 ϩ/ϩ , DJ-1 Ϫ/Ϫ , NIH3T3, D2, HeLa S3, and 293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% calf serum.
Plasmids-Nucleotide sequences of oligonucleotides used for construction of deletion mutants of c-Raf by PCR are shown in Table 1 . PCR was carried out using the respective primers and pcDNA3-FLAG-c-Raf as a template for 5 min at 95°C, 30 s at 95°C, 30 s at 60°C, and 32 cycles of 30 s at 72°C. After PCR products had been cloned into pCR-TOPO (Invitrogen), plasmid DNAs obtained were digested with EcoRI and XhoI and the resultant fragments were inserted into EcoRI and XhoI sites of pcDNA3-FLAG. Deletion mutants of c-Raf, ⌬CR3, ⌬CR1, and CR3, harbored amino acid numbers spanning , and 307-648, respectively, of c-Raf.
Analysis of Expression Levels of ERK Pathway Proteins in EGF-treated Cells-NIH3T3
and D2 cells in 10-cm dishes were cultured in a medium with 0.1% calf serum for 6 h, treated with 50 ng/ml EGF for 1, 5, and 15 min, and harvested. HeLa S3 cells or DJ-1 ϩ/ϩ and DJ-1 Ϫ/Ϫ cells in 10-cm dishes were transfected with 100 pmol of siRNA-targeting DJ-1 (si-DJ-1) and control siRNA (si-control) or with 3 g of pcDNA3-WT DJ-1-FLAG and pcDNA3-C106S DJ-1-FLAG, respectively, by Lipofectamine 2000 (Invitrogen) . Forty eight h after transfection, the cells were cultured in a medium with 0.1% calf serum for 6 h and then treated with 50 ng/ml EGF for 1, 5, and 15 min. Proteins were extracted from the cells in a buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 100 M 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 2 g/ml leupeptin, 1 g/ml pepstatin A, and 10 g/ml aprotinin for 20 min at 4°C, loaded onto 10% SDS-polyacrylamide gels, and subjected to Western blotting. Antibodies used in this study were as follows: anti-c-Raf (1:1000, BD Biosciences); anti-phospho-c-Raf (Ser-338) (1:1000, Cell Signaling); anti-phospho-c-Raf (Ser-259) (1:1000, Cell Signaling); anti-MEK1/2 (1:1000, Cell Signaling); anti-phospho-MEK1/2 (Ser-217/Ser-221) (1:1000, Cell Signaling); anti-ERK1/2 (1:1000, Cell Signaling); anti-ERK1/2 (Thr-202/Tyr-204) (1:1000, Cell Signaling); anti-actin (1:4000, Chemicon); anti-FLAG (1:4000, M2, Sigma); anti-DJ-1 (1:4000); and anti-oxidized DJ-1 (1:1000) antibodies. A rat anti-DJ-1 antibody was established by us as described previously (26) . An anti-oxidized DJ-1 antibody was kindly provided by Dr. Y. Saito (27) . After membranes had been reacted with primary antibodies, they were reacted with Alexa Fluor 680-conjugated anti-rabbit IgG (Molecular Probes) or IRDye 800-conjugated anti-mouse IgG (Rockland) antibodies and visualized by using an infrared imaging system (Odyssey, LI-COR). Nucleotide sequences used for si-DJ-1 and si-control were described previously (6) .
Pulldown Assay-35 S-Labeled c-Raf, its deletion mutants, and H-Ras were synthesized in vitro using the reticulocyte lysate of the TNT transcription-translation coupled system (Promega). Labeled proteins were mixed with GST, GST-DJ-1, or GST-C106S DJ-1 expressed in and prepared from Escherichia coli at 4°C for 60 min in a buffer containing 150 mM NaCl, 5 mM EDTA, 50 mM Tris (pH 7.5), 0.05% bovine serum albumin, and 0.1% Nonidet P-40. After washing with the same buffer, the bound proteins were separated in a 10% polyacrylamide gel containing SDS and visualized by fluorography.
In Vivo Binding Assay-Proteins were extracted from HeLa S3 cells by the procedure described previously (28) . Proteins were immunoprecipitated with a rabbit anti-DJ-1 antibody (1:500) or normal IgG, and the precipitates were analyzed by Western blotting with an anti-c-Raf, anti-phospho c-Raf (Ser-338), or anti-DJ-1 antibody (1:2000, 3E8, MBL, Nagoya, Japan) as described above. A rabbit anti-DJ-1 antibody was established by us as described previously (1) . For ectopic expression systems, 293T cells were transfected with expression vectors for FLAG-c-Raf and DJ-1-HA by Lipofectamine 2000. Forty eight h after transfection, proteins were extracted from the cells and subjected to an in vivo binding assay as described above.
Indirect Immunofluorescence-HeLa S3 cells were cultured in a medium with 0.1% calf serum for 6 h and treated with 50 ng/ml EGF for 3 min. The cells were fixed with 4% paraformaldehyde at 4°C for 15 min, then with 0.1% Triton X-100 at room temperature for 5 min, and reacted with mouse anti-c-Raf monoclonal (1:50, BD Biosciences), a rabbit anti-DJ-1 polyclonal (1:50), or rabbit anti-DJ-1 monoclonal (1:50, ab76008, abcam) antibody at 37°C for 3 h. The cells were then reacted pull-down  pull-down  pull-down   GST  GST-DJ-1  Input  GST  GST-DJ-1  Input  GST  GST-DJ- 35 S-labeled c-Raf, wild-type H-Ras, and G12V H-Ras were reacted with GST-DJ-1 and GST, and pulldown experiments were carried out. Bound proteins were then detected by fluorography as described under "Experimental Procedures." GST-DJ-1 and GST used were stained with Coomassie Brilliant Blue (CBB). B, 35 S-labeled c-Raf was reacted with GST-DJ-1, GST-C106S DJ-1, and GST, and pulldown experiments were carried out as described in A. C, 293T cells were transfected with expression vectors for FLAG-c-Raf and DJ-1-HA. Forty eight h after transfection, proteins extracted from the cells were immunoprecipitated (IP) with an anti-FLAG antibody or with IgG, and precipitates were analyzed by Western blotting with anti-FLAG and anti-HA antibodies. D, HeLa S3 cells were cultured in a medium with 0.1% calf serum for 6 h and treated with or without 50 ng/ml EGF for 3 min. Proteins extracted from the cells were subjected to co-immunoprecipitation with an anti-DJ-1 antibody and Western blotting analysis with anti-c-Raf, anti-phospho-c-Raf (Ser-338), and anti-DJ-1 antibodies.
CR1
CR2 CR3 S-labeled full-sized c-Raf and its deletion mutants were reacted with GST-DJ-1 and GST, and pulldown experiments were carried out as described in the legend for Fig. 1A . C, 35 S-labeled CR3 fragment of c-Raf was reacted with GST-DJ-1, GST-C106S DJ-1, and GST, and pulldown experiments were carried out as described in the legend for Fig. 1A . a.a., amino acids.
with an Alexa Fluor 488-conjugated anti-mouse IgG or with a rhodamine-conjugated anti-rabbit IgG at 37°C for 1 h, and their nuclei were stained with DAPI. The cells were then observed under a fluorescent microscope (Biorevo BZ-9000, Keyence, Osaka, Japan).
In Vitro Kinase Assay-GST-wild-type, C106S DJ-1, wildtype, Y340E/Y341E, and Y340A/Y341A CR3 were expressed in and purified from E. coli, and GST-free DJ-1 and GST-free CR3 were prepared after GST-DJ-1 and GST-CR3 had been digested with PreScission protease (GE Healthcare). A recombinant CR3 fragment of c-Raf with Y340E/Y341E mutations was also purchased from R&D Systems. Fifteen ng of CR3 fragment was mixed with various amounts of DJ-1 on ice for 30 min and reacted with 10 Ci of [␥-
32 P]ATP at 22°C for 20 min in a buffer containing 25 mM HEPES-KOH (pH 7.5), 30 mM NaCl, 10 mM MgCl 2 , and 1 mM DTT. After boiling the reaction mixture in a Laemmli buffer, proteins were separated on a 12% polyacrylamide gel and subjected to autoradiography.
Five hundred ng of wild-type, Y340E/Y341E, and Y340A/ Y341A CR3 (WT CR3, E-CR3, and A-CR3, respectively) were reacted with various amounts of wild-type (WT) and C106S DJ-1 under the same condition as that described above. After boiling the reaction mixture in Laemmli buffer, proteins were separated on a 12% polyacrylamide gel and subjected to Western blotting with an anti-phospho c-Raf (Ser-338) antibody as described above. CR3 and DJ-1 were detected by Coomassie Brilliant Blue staining.
Separation of Phosphorylated Proteins in Phos-tag-containing Gels-The
Phos-tag-containing gel was prepared by addition of 10 mM Phos-tag acrylamide AAL-107 (Wako Pure Chemicals, Osaka, Japan) and 10 mM MnCl 2 into a 4.8% acrylamide separating gel. After separation of proteins on Phos-tagcontaining gel, the gel was washed with a buffer containing 25 mM Tris, 192 mM glycine, and 1 mM EDTA and subjected to Western blotting.
Statistical Analyses-Data are expressed as means Ϯ S.D. Statistical analyses were performed using one-way analysis of variance followed by unpaired Student's t test. (1), and DJ-1 activates the ERK pathway (11) (12) (13) . We therefore examined the binding activity of DJ-1 to H-Ras and c-Raf. To do that, 35 S-labeled wild-type c-Raf, wild-type H-Ras and G12V H-Ras, constitutively active H-Ras, were synthesized in vitro using a reticulocyte lysate and mixed with GST-DJ-1 and GST that had been expressed in and purified from E. coli, and pulldown assays were performed. As shown in Fig. 1A , neither wild-type H-Ras nor G12V H-Ras bound to GST-DJ-1 and GST. Wild-type c-Raf, however, bound to GST-DJ-1 more strongly than to GST, indicating that DJ-1 directly binds to c-Raf but not to H-Ras. Because Cys-106 in DJ-1 is crucial for DJ-1 activity, binding activity of C106S DJ-1, a substitution mutant of DJ-1 from cysteine to serine at Cys-106, to c-Raf was also examined by pulldown assays (Fig. 1B) . The results showed that binding activity of C106S DJ-1 to c-Raf was ϳ60% that of wild-type DJ-1. To examine the binding of DJ-1 to c-Raf in cells, 293T cells were transfected with various combinations of expression vectors for FLAG-c-Raf and DJ-1-HA. Forty eight h after transfection, proteins extracted from the cells were immunoprecipitated with an anti-FLAG antibody or with nonspecific IgG, and precipitates were analyzed by Western blotting with anti-FLAG and anti-HA antibodies. As shown in Fig. 1C , DJ-1-HA was precipitated with the anti-FLAG antibody but not with IgG, indicating complex formation of DJ-1-HA with FLAG-c-Raf. To examine endogenous binding of DJ-1 to c-Raf in cells, proteins extracted from HeLa S3 cells were immunoprecipitated with an anti-DJ-1 antibody or with IgG followed by Western blotting with anti-c-Raf and DJ-1 antibodies. The results showed an association of DJ-1 with c-Raf in HeLa S3 cells (Fig. 1D, 3rd and 4th lanes) . Because c-Raf is activated by phosphorylation of Ser-338 in EGF-treated cells, the effect of EGF on binding activity of DJ-1 to c-Raf was then examined. HeLa S3 cells were first cultured in a medium with 0.1% calf serum for 6 h, then treated with 50 ng/ml EGF for 3 min, and subjected to co-immunoprecipitation assays using anti-DJ-1, anti-c-Ras, and anti-phospho c-Raf (Ser-338) antibodies. As shown in Fig. 1D , the association of DJ-1 with c-Raf and with phospho-c-Raf (Ser-338) was increased in EGFtreated cells compared with that in EGF-nontreated cells.
Results

Binding of DJ-1 to the Kinase Domain of c-Raf and Enhancement of Binding Activity of DJ-1 by EGF-The DJ-1 gene is a ras-cooperating oncogene
c-Raf is composed of several domains, including a Ras-binding domain, a cysteine-rich domain, a kinase domain, and three conserved domains ( Fig. 2A) . To identify the DJ-1-binding region in c-Raf, three deletion mutants, ⌬CR3, ⌬CR1, and CR3, were constructed, and in vitro pulldown assays using 35 S-labeled c-Raf mutants, GST and GST-DJ-1, were carried out. As shown in Fig. 2B , ⌬CR1 and CR3, but not ⌬CR3, bound to GST-DJ-1 but not to GST, indicating that DJ-1 binds to CR3 containing the kinase domain. Binding activity of C106S DJ-1 to CR3 was then examined, and ϳ60% of the binding activity of C106S compared with that of wild-type DJ-1 was obtained (Fig.  2C) .
Co-localization of DJ-1 with c-Raf and Enhancement of Colocalization by EGF-HeLa
S3 cells were first cultured in a medium with 0.1% calf serum for 6 h, treated with 50 ng/ml EGF for 3 min, and then stained with anti-DJ-1 and anti-c-Ras antibodies. Anti-DJ-1 antibodies used were rabbit anti-DJ-1 polyclonal (26) and rabbit anti-DJ-1 monoclonal (Abcam) antibodies, and these were designated as an anti-DJ-1 antibody-1 and anti-DJ-1 antibody-2, respectively. Cells were also stained with anti-mouse IgG and anti-rabbit IgG as controls. As shown in Fig. 3 , DJ-1 was co-localized with c-Raf in the cytoplasm of EGF-nontreated cells, and its co-localization level was increased after EGF treatment. These results were consistent with enhanced binding activity of DJ-1 to c-Raf in EGF-treated cells as described in Fig. 1D . [21] [22] [23] . Therefore, the effect of DJ-1 on activation of c-Raf in EGF-treated cells was examined. Mouse NIH3T3 and its DJ-1 knockdown D2 cells were first cultured in a medium with 0.1% calf serum for 6 h and treated with 50 ng/ml EGF for 1, 5, and 15 min. Expression levels of total c-Raf, phosphorylated c-Raf (Ser-338), and phosphorylated c-Raf (Ser-259) were then examined by Western blotting using proteins extracted from the cells, and the intensity of blotted bands was quantified. The results showed that although levels of phosphorylated c-Raf (Ser-338) were first increased at 1 min and decreased at 5 and 15 min after EGF treatment in both cell lines, the level of phosphorylated c-Raf (Ser-338), but not that of phosphorylated c-Raf (Ser-259), in NIH3T3 cells was much higher than that in DJ-1 knockdown D2 cells. The expression levels of phosphorylated MEK and phosphorylated ERK1/2, downstream kinases of c-Raf, were also examined. The levels of phosphorylated kinases peaked at 5 min after EGF treatment, and their levels in NIH3T3 cells were higher than those in D2 cells (Fig. 4A) . Next, human HeLa S3 cells were transfected with siRNA-targeting DJ-1 (si-DJ-1) or with nonspecific siRNA (si-control). Forty eight h after transfection, the cells were treated with EGF as described above, and expression levels of phosphorylated ERK pathway proteins were examined. The results showed expression patterns similar to those observed in NIH3T3 and D2 cells (Fig. 4B) . These results suggest that DJ-1 first activates c-Raf by phosphorylating Ser-338 and that activated c-Raf then activates downstream MEK and ERK1/2. To further confirm activity of DJ-1 in the ERK pathway, DJ-1 ϩ/ϩ and DJ-1 Ϫ/Ϫ cells derived from wildtype and DJ-1 knock-out mice were cultured in a medium with 0.1% calf serum for 6 h and treated with EGF for 3 min, and expression levels of phosphorylated c-Raf (Ser-338), MEK, and ERK1/2 were examined. The same results as those for NIH3T3, HeLa S3, and their DJ-1 knockdown cells were obtained (Fig.  4C, 1st 4 lanes) . Furthermore, when wild-type and C106S DJ-1 were re-introduced into DJ-1 Ϫ/Ϫ cells, phosphorylation levels of c-Raf (Ser-338), MEK, and ERK1/2 in wild-type DJ-1 and C106S-introduced cells were restored to almost 100 and 60% of those in DJ-1 ϩ/ϩ cells, respectively (Fig. 4C, last 4 lanes) . Because DJ-1 binds to CR3, the kinase domain of c-Raf, it is possible that the excess amount of CR3 compared with the amount of full-sized c-Raf in cells inhibits activation activity of DJ-1 toward c-Raf as dominant negatives. To examine this, DJ-1 ϩ/ϩ and DJ-1 Ϫ/Ϫ cells were transfected with various amounts of expression vectors for FLAG-CR3. Forty eight h after transfection, cells were cultured in a medium with 0.1% calf serum for 6 h and treated with or without EGF for 3 min, and total c-Raf, phosphorylated c-Raf (Ser-338), and phosphorylated c-Raf (Ser-259) were then examined by Western blotting. The expression levels of phosphorylated MEK and phosphorylated ERK1/2 were also examined. Although enhanced phosphorylated levels of c-Raf, MEK, and ERK1/2 by EGF in DJ-1 ϩ/ϩ cells were inhibited by transfected CR3 in a dose-dependent manner, phosphorylated levels of these proteins were not changed in DJ-1 Ϫ/Ϫ cells (Fig. 4D) . These results suggest that DJ-1 activates the ERK pathway in a c-Raf-binding activitydependent manner.
Activation of c-Raf and Following ERK Pathway Proteins by DJ-1 in EGF-treated Cells-Serine
It is known that c-Raf is activated with phosphorylation of Ser-338 after cells have been treated with phorbol myristate acetate (PMA) 3 via protein kinase C (29, 30) . To examine the effect of PMA on the role of DJ-1 in phosphorylation of c-Raf, DJ-1 ϩ/ϩ and DJ-1 Ϫ/Ϫ cells were first cultured in a medium with 0.1% calf serum and treated with 50 ng/ml PMA for 1, 5, and 15 min, and phosphorylation levels of c-Raf (Ser-338), MEK, and ERK1/2 were examined. As shown in Fig. 5 , there were no significant differences in phosphorylation levels of proteins in DJ-1 ϩ/ϩ and DJ-1 Ϫ/Ϫ cells, indicating that DJ-1 reacts against the EGF-triggered ERK pathway. 
Stimulation of Kinase Activity of c-Raf by DJ-1-To
Activation of c-Raf by DJ-1
fragment shown in Fig. 2A ) with substitution mutations of Y340E and Y341E was reacted with purified DJ-1 and [␥-32 P]ATP, separated on a polyacrylamide gel, and subjected to autoradiography. As shown in Fig. 6A , self-phosphorylation activity of c-Raf was increased by DJ-1 in a dose-dependent manner, indicating that DJ-1 enhances kinase activity of c-Raf by its direct binding.
Because binding activity of C106S DJ-1 to c-Raf is weaker than that of wild-type DJ-1 (Fig. 1B) , the effect of the Cys-106 mutation in DJ-1 on kinase activity of c-Raf was next examined using recombinant wild-type and C106S DJ-1, and wild-type Y340E/Y341E, and Y340A/Y341A CR3 fragments of c-Raf (WT CR3, E-CR3, and A-CR3, respectively). A-CR3 works as a kinase-dead mutant. Constant amounts of c-Raf and CR3 were reacted with various amounts of wild-type and C106S DJ-1, and phosphorylation levels of CR3 fragments were examined by Western blotting with an anti-phospho-c-Raf (Ser-338) antibody. As shown in Fig. 6B , wild-type DJ-1 but not C106S DJ-1 slightly increased the phosphorylation level of wild-type CR3 and strongly increased the phosphorylation level of constitutively active CR3 but not that of kinase-dead CR3, suggesting that DJ-1 stimulates kinase activity of c-Raf in DJ-1 binding activity in a c-Raf-dependent manner.
Modification of DJ-1 in EGF-treated Cells-Because DJ-1 stimulates kinase activity of c-Raf, it is possible that DJ-1 is phosphorylated by c-Raf. Before testing this possibility, we used Phos-tag-containing gel to separate phosphorylated proteins fromnonphosphorylatedproteinswithoutusinganti-phosphorylated protein-specific antibodies. Because minus charge regions of phosphorylated proteins make a complex with Mn 2ϩ in Phos-tag acrylamide AAL-107, the mobility of phosphorylated proteins became slower than that of nonphosphorylated proteins in a gel (31, 32) . To confirm this technique, HeLa S3 cells were cultured in a medium with 0.1% calf serum and treated with 50 ng/ml EGF for 3 min. Proteins were prepared from the cells in the presence or absence of a phosphatase inhibitor and calf intestine alkaline phosphatase (CIAP), separated on the Phos-tag-containing gel or on normal polyacrylamide gel, and subjected to Western blotting. Proteins separated on the Phos-tag-containing gel were reacted with an anti-ERK1/2 antibody, and proteins separated on the non- 1% calf serum for 6 h and treated with 50 ng/ml EGF for 1, 5, and 15 min. Expression levels of proteins were then analyzed by Western blotting as described in the legend for Fig. 4A . B, intensities of bands shown in A were quantified. n is 4. E-CR3 (ng) ----------------500 500 500 500 500 500 500 ---------500 500 500 500 500 500 500 ---------500 500 500 500 500 500 500 -------------- Phos-tag-containing gel were reacted with anti-ERK1/2 and anti-phospho-ERK (Tyr-202 and Tyr-204). As shown in Fig. 7A , three ERK bands appeared in the Phos-tag-containing gel, and the upper two bands disappeared by reaction with CIAP, indicating that the upper two bands correspond to phosphorylated ERK1/2. To examine whether DJ-1 is phosphorylated after cells receive the EGF signal and oxidative stress, HeLa S3 cells were cultured in a medium with 0.1% calf serum for 6 h and treated with 50 ng/ml EGF for 3 min or with 1 mM H 2 O 2 for 30 min, and proteins were separated on the Phos-tag-containing gel or on the non-Phos-tag-containing gel and analyzed by Western blotting with anti-DJ-1 and anti-ERK antibodies. The results showed that although phosphorylated ERK1/2 was distinguished from nonphosphorylated ERK1/2 in EGF, H 2 O 2 , and EGF ϩ H 2 O 2 -treated cells, mobility of DJ-1 did not change (Fig.  7B) . It was also found that the level of phosphorylated c-Raf (Ser-338) was reduced in H 2 O 2 -treated cells. These results suggest that DJ-1 is not phosphorylated by activated c-Raf and unknown kinases after EGF treatment.
Because Cys-106 of DJ-1 is oxidized by oxidative stress (6, 7, 33, 34) and because C106S DJ-1 was shown to activate c-Raf less than does wild-type DJ-1 in this study, the oxidized DJ-1 level at Cys-106 was examined in EGF, H 2 O 2 , and EGF ϩ H 2 O 2 -treated HeLa S3 cells using an anti-oxidized DJ-1 antibody. This antibody recognizes SO 2 H and SO 3 H, preferentially SO 3 H, forms of oxidized DJ-1 at Cys-106 (35) . After cells had been treated with H 2 O 2 , the level of oxidized DJ-1 was increased, but phosphorylation of c-Raf (Ser-338) was not observed (Fig. 7C) . Furthermore, the level of oxidized DJ-1 in EGF-treated cells was lower than that in nontreated cells, and the increased level of phosphorylated c-Raf by EGF was decreased by H 2 O 2 treatment. These results suggest that oxidation of DJ-1 at Cys-106 with SO 2 H and SO 3 H forms is not necessary for DJ-1 to activate c-Raf in EGF-treated cells.
Discussion
Raf family proteins are serine/threonine kinases and include A-Raf, B-Raf, and c-Raf. These proteins have similar domain structures, including the Ras-binding domain and kinase domain at the proximal N and C terminus, respectively (19, 20) . c-Raf is activated by EGF and PMA treatment in cells through phosphorylating Ser-338 via self-phosphorylation and protein kinase C (PKC), respectively (29, 30, 36) . The PMA/PKC cascade does not include Ras. In this study, we first found that DJ-1 directly bound to the kinase domain of c-Raf but not to H-Ras ( Figs. 1 and 2 ) and that binding activity of DJ-1 to c-Raf and co-localization of DJ-1 with c-Raf were enhanced by EGF treatment in cells (Figs. 1D and 3) . Furthermore, DJ-1 enhanced phosphorylation of c-Raf at Ser-338, followed by activation of MEK and ERK1/2 (Fig. 4) . Activation of c-Raf by DJ-1 depended on EGF but not on PMA (Fig. 5) . These results suggest that DJ-1 directly targets c-Raf in the EGF/Ras/ERK signaling pathway, leading to cell growth.
Binding activity of C106S DJ-1 to c-Raf was reduced by 40% compared with that of wild-type DJ-1 (Fig. 1B) . The phosphorylation levels of c-Raf at Ser-338 in wild-type DJ-1-and C106S DJ-1-transfected DJ-1 Ϫ/Ϫ cells were restored to almost 100 and 60% of that in DJ-1 ϩ/ϩ cells, respectively (Fig. 4C) , suggesting that stimulating activity of DJ-1 toward c-Raf phosphorylation depends on binding activity of DJ-1 to c-Raf. DJ-1 enhanced kinase activity of c-Raf in a system using recombinant c-Raf kinase domain and DJ-1 (Fig. 6) , indicating that DJ-1 is able to activate c-Raf without other factors under these conditions. Although DJ-1 has several enzymatic activities, including protease (37) (38) (39) (40) and glyoxalase activities (41) (42) (43) (44) , there is no report showing that DJ-1 is a protein kinase and that DJ-1 has a structural motif for kinase (3) (4) (5) . These results therefore suggest that DJ-1 enhances self-phosphorylation activity of c-Raf without a role as kinase.
DJ-1 has been shown to undergo various modifications, including oxidation (6, 7, 33, 34), sumoylation (45) , and S-ni- A, HeLa S3 cells were cultured in a medium with 0.1% calf serum for 6 h and treated with 50 ng/ml EGF for 3 min. Proteins extracted from the cells were reacted with or without phosphatase inhibitor and CIAP, separated on Phos-tag-and non-Phos-tag-containing gels, and analyzed by Western blotting with antiphospho-ERK1/2, anti-ERK1/2, and anti-actin antibodies. B, HeLa S3 cells were cultured in a medium with 0.1% calf serum for 6 h and treated with 50 ng/ml EGF for 3 min, with 1 mM H 2 O 2 for 30 min, or with 50 ng/ml EGF for 3 min and 1 mM H 2 O 2 for 30 min. Proteins extracted from the cells were then separated on Phos-tag-and non-Phos-tag-containing gels and analyzed by Western blotting with the respective antibodies. C, HeLa S3 cells were cultured in a medium with 0.1% calf serum for 6 h and treated with 50 ng/ml EGF for 3 min, with 1 mM H 2 O 2 for 30 min, or with 50 ng/ml EGF for 3 min and 1 mM H 2 O 2 for 30 min. Proteins extracted from the cells were then separated on Phos-tagand non-Phos-tag-containing gels and analyzed by Western blotting with anti-oxidized DJ-1, anti-DJ-1, anti-phospho-c-Raf (Ser-338), and anti-c-Raf antibodies.
trosylation (46, 47) , and the effects of these modifications on activity of DJ-1 have been studied in detail (3) (4) (5) . There are two reports showing phosphorylation of DJ-1 as follows: p53-dependent phosphorylation of DJ-1 by proteomic analysis (48) and p38-regulated/activated kinase-associated phosphorylation of a serine residue(s) of DJ-1 under an oxidative stress condition (49) . However, the phosphorylated amino acid residue(s) has not been identified, and the role of phosphorylated DJ-1 has not been clarified. EGF treatment in cells did not induce phosphorylation of DJ-1 (Fig. 6B) , suggesting that DJ-1 is not a substrate for c-Raf kinase or other c-Raf-induced kinases. Furthermore, EGF treatment did not stimulate oxidation of DJ-1 at Cys-106 with SO 2 H and SO 3 H forms (Fig. 6C) . Cys-106 of DJ-1 is oxidized to SOH, SO 2 H, and SO 3 H forms. Although oxidation of Cys-106 with an SOH form is not ruled out due to specific recognition of Cys-106 with SO 2 H and SO 3 H forms by the antioxidized DJ-1 antibody used in this study, EGF treatment does not induce highly oxidized forms of DJ-1, suggesting that oxidation of Cys-106 with an SO 2 H form is not necessary for DJ-1 to activate c-Raf. DJ-1 enhances the ERK pathway upon various stimuli (11) (12) (13) , and DJ-1 is an activated ras-cooperating oncogene (1) . This study showed for the first time that DJ-1 activates the ERK pathway through direct activation of c-Raf. 
